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Abstract. Various natural and anthropogenic factors affect the formation of gleyed soil. It is a 
major challenge to identify the key hazard factors and evaluate the dynamic evolutionary process 
of soil gleyization at a regional scale under future climate change. This study addressed this 
complex challenge based on regional groundwater modelling for a typical agriculture region 
located in the Ganjiang River Delta (GRD) of Poyang Lake Basin, China. We first implemented 
in-situ soil sampling analysis and column experiments under different water depths to examine the 
statistical relationship between groundwater depth (GD) and gleyization indexes including active 
reducing substance, ferrous iron content,
 
and redox potential. Subsequently, a three-dimensional 
groundwater flow numerical model for the GRD was established to evaluate the impacts of the 
historical average level and future climate change on vadose saturation and soil gleyization 
(averaged over 2016 to 2050) in the irrigated farmland. Three climate change scenarios associated 
with carbon dioxide emission (A1B, A2, and B1) were predicted by the ECHAM5 global 
circulation model published in IPCC Assessment Report (2007). The ECHAM5 outputs were 
applied to quantify the variation of groundwater level and to identify the potential maximum 
gleyed zones affected by the changes of meteorological and hydrological conditions. The results of 
this study indicate that GD is an indirect indicator for predicting the gradation of soil gleyization at 
the regional scale, and that the GRD will suffer considerable soil gleyization by 2050 due to 
fluctuations of the water table induced by future climate changes. Compared with the annually 
average condition, the climate scenario B1 will probably exacerbate soil gleyization with an 8.8% 





mainly on the riverside area, and the medium–slightly gleyed area will increase by 19.2 
km
2 
in the middle region. 







Soil gleyization is a process of soil formation due to lack of oxygen (under an anaerobic 
environment) that results in the development of a gley horizon in the soil profile. This process is 
highly dependent on poor drainage conditions that result from land depressions with low 
topographic elevation, continuous water recharge with water-logged conditions, impervious soil 
parent materials, and lack of aeration (Brammer and Brinkman, 1977; Lin et al., 2007; Singh and 
Chandran, 2015). The gleyed soil is oxygen-poor and contains much reductive material, which 
weakens the biological activity of soil, inhibits the mineralization of organic matter, restricts plant 
root growth, and results in late maturity and low yield grain crops (Rowell, 1988; Verheye, 2007; 
Liu et al., 2015). Gleyed soils are widespread across the world, such as in the North German Plain 
(German Soil Science Society, www.dbges.de; Burbaum et al., 2016), New Zealand wetlands 
(Webb and Lilburne, 2011), Scotland (Brown, 2017), and the middle reaches of the Yangtze River, 
China (Pan, 1996). In the middle reaches of the Yangtze River, about 30%–40% of total paddy soil 
has suffered from gleyization and its extent is undergoing dramatic changes due to global 
environmental changes (Ye et al., 2011). Therefore, it is important to identify the key hazard 
factors for soil gleyization and evaluate the dynamic evolutionary process of gleyization at the 
regional scale. In addition, identification of the potential maximum gleyed zones that are likely to 
be affected by changes in meteorological and hydrological conditions are of great importance for 
regional land resource planning and management. 
Soil gleyization takes hundreds of years and is still developing due to changes in many 
controlling factors including climate, land use, and parent material. Climate is one of the most 
important factors affecting the soil saturation conditions (DEFRA, 2005; Karmakar et al., 2016) 





regional scale under changing climate has posed major challenges. However, relatively few studies 
have undertaken qualitative assessments at the regional scale (Lai et al., 1989; Lin et al., 2009) and 
quantitative analysis at the field scale (Schlichting and Schwertmann, 1973; Pan, 1996). Pan 
(1996) determined the quantitative evaluation indexes of soil gleyization through principal 
component analysis (i.e., active reducing substance (ARS) (cmolc/kg), ferrous iron content (Fe
2+
) 
(cmolc/kg), and redox potential (Eh) (mV)) in the middle reaches of the Yangtze River. The use of 
these indexes can elucidate vadose saturation conditions in the soil, which result in the cut-off of 
oxygen supply and the occurrence of reducing reactions. Lin et al. (2009) suggested that under the 
necessary conditions (e.g., depressions in the land surface, water-logged conditions, impervious 
soil media, and a lack of aeration), groundwater level or depth is an indirect indicator for 
predicting soil gleyization. This conclusion provides us with new directions for the study of the 
evolutionary tendency of gleyed soil based on establishing the relationship between groundwater 
depth (GD) and soil gleyization, in which the regional variable of GD can be predicted by 
groundwater modelling. Furthermore, the successful selection and implementation of engineering 
measures to mitigate soil gleyization of low-lying and water-logged reclaimed farmland will also 
require a sound knowledge of soil forming processes and the hydrogeological processes governing 
the groundwater flow system. Therefore, in this study, we attempted to establish a statistical 
relationship between GD and gleyization indexes based on the physical and chemical data of soil 
collected by field soil sampling, laboratory testing, and soil column experiments. 
Poyang Lake is the largest freshwater lake in China. Its major functions include ecological 
security, hydrological adjustment, and climate regulation. These are important for the Jiangxi 
provinces and municipalities in the middle and lower reaches of Yangtze River (Zhang et al., 





area in Jiangxi Province, and is a major rice production area for the province and more generally, 
the nation, with 19.08% of the total rice production in Jiangxi (Li et al., 2012; Zhang et al., 2017). 
As the PLB lies in the low-lying, rainy and humid region surrounded by a complicated surface 
water system, the surface water in the lake and rivers has a close hydraulic connection with the 
shallow groundwater (Zhan et al., 2016). However, the hydrological process in PLB has 
experienced substantial changes due to natural variables and human activities and will 
subsequently change with future natural or man-made disturbances (Ye et al., 2011, 2013; Mei et 
al., 2015). Liu and Wu (2016) indicated that in the past decade, the PLB was six times more likely 
to suffer droughts due to decreased inflow, increased outflow, reduced precipitation and increased 
evapotranspiration. Lai et al. (2014) studied the impoundment effects of the Three-Gorges-Dam on 
flow regimes, which significantly reduces run-off in the Yangtze River during the dry season 
(September to the next February), resulting in increasing lake discharge to Yangtze River, thus 
prolonging the dry period and threatening the regional ecological environment. Ye et al. (2011) 
implemented a modeling study to examine changing water levels in the Poyang Lake due to future 
climate change. The results demonstrated that the changing monthly catchment inflow resulted in 
an increase of the lake level from February to July and a reduction from September to the next 
February. The spatiotemporal variability of hydrologic processes in watersheds caused by climate 
change will change the groundwater level dynamics, which further modifies the soil physical and 
chemical properties, as well as the agronomical characteristics, and affects a series of soil process.  
Hundreds of studies on surface water and groundwater interactions in PLB have been 
conducted since the late 1990’s (e.g., Wagner et al. 2016; Zhan et al., 2016); however, to our 
knowledge, no studies have implemented regional groundwater modeling to evaluate groundwater 





managers better understand the interrelated groundwater and surface water systems and the effects 
of groundwater level variation under different hydrological processes (Balbarini et al., 2017; 
Timea et al., 2017; Epting et al., 2018). The objective of our study was to quantify the possible 
impacts of climate change on soil gleyization on a regional scale in the PLB. We therefore 
constructed a three-dimensional numerical model for shallow aquifers to simulate the 
hydrogeological system behavior for changing boundary conditions and to quantify the dynamic 
evolutionary process of soil gleyization based on resultant the groundwater fluctuations. The 
innovative aspects of this research were the exploration of the formative mechanism of soil 
gleyization at the regional scale by statistically analyzing the relationship between GD and 
gradation of soil gleyization based on soil sampling analysis and column experiments. In addition, 
the groundwater dynamics were quantified using groundwater modeling under a changing climate. 
We believe that this study provides an important new laboratory case study. Furthermore, the 
impact of groundwater dynamic patterns on the PLB soil gleyization due to future climate change 
could be applied to other low-lying deltas in the middle and lower reaches of Yangtze River and 
other parts of the world with similar hydrogeological conditions. 
2. Methods 
2.1 Study area 
2.1.1 Description of study area 
Poyang Lake, the largest freshwater lake in China, is located in the middle reaches of the 
Yangtze River with a catchment area of more than 162,000 km
2
. Five tributaries run separately 
from the east (Rao River), south (Ganjiang River, Fu River, and Xinjiang River), and west (Xiu 
River) into the lake through the PLB and forms fluvial-deltas plain around the lakeshore area. The 





PLB, was selected as the detailed evaluation area in this study. We focus on the low-lying 
agriculture catchment of GRD for several reasons: (1) the GRD, a closed and independent 
hydrogeologic area, is already being threatened by a relatively high degree of soil gleyization in 
the middle reaches of the Yangtze River; (2) the GRD is rich in agricultural resources (Fig. 1) and 
intensive socioeconomic activities (Torbick et al., 2011) and it is thus urgent at the national level 
to conduct scientific land resource planning and management for further climate change; (3) the 
formative mechanism of soil gleyization in this region possess direct or indirect relation with the 
hydrogeological system (Lin et al. 2009); and (4) an enormous amount of different types of 
hydrological and hydrogeological data (conducted by geological survey; Geological Data 
Information Network of Jiangxi Province, http://www.jxgtt.gov.cn/dzzlg/ Index.shtml; National 
Meteorological Information Center, http://www.nmic.cn/web/index.htm) has allowed us to 
establish a three-dimensional groundwater model to evaluate the processes in the 
alluvial-lacustrine groundwater system. 
The Ganjiang River is the largest river in the GRD flowing north through Nanchang City, 
which is the economic and administrative center of Jiangxi Province. As shown in Fig.1, the main 
branch of Ganjiang River is divided into the north branch, middle branch, and south branch. before 
finally entering into Poyang Lake. The study area receives about 1343–1834 mm of precipitation 
and loses about 1044 mm through surface evaporation per year (1960–2014 average; National 
Meteorological Information Center). It is therefore a humid environment (Zhang et al., 2014). In 
general, annual precipitation consists of dense rain in the rainy season from April to August 
accounting for 74% of the total rainfall and a small fraction occurs from September to the 
following March. Groundwater withdrawals have increased since the 1960s. By the 1990s, with 





shallow aquifers beneath Nanchang City. In the last 10 years, the local enforcement of pumping 
limits has restored groundwater levels by as much as 5.6 m in the most depressed area. According 
to groundwater extraction statistics, 89.7% of total groundwater extraction is dispersedly extracted 
for irrigation and domestic usage and 10.3% of the total amount is associated with centralized 
groundwater pumping in Nanchang City for industrial use (Xiao et al., 2001). 
The gleyization of irrigated farmland is a serious soil degradation problem in this region. 
According to an investigation of farmland soil, in the 1950s, small-scale primary soil gleyization 
began to place in the low-lying lakeside areas and some cold-invasive paddy fields in the 
surrounding hilly areas. From the 1950s to the 1980s, secondary gleyization of paddy soil became 
serious and the gleyed soil area accounted for more than 15% of the total area of paddy field in the 
GRD (Lai et al., 1989). There are three main reasons for the formation of soil gleyization in this 
area: (1) favorable hydrogeological conditions for soil gleyizaiton with poorly drained conditions, 
water-logged conditions, and a reductive soil environment; (2) land reclamation of meadow soil 
into paddy soil and further development of gleyed paddy soil; and (3) groundwater table rise 
caused by regional scale water conservation measures since 1970 and regularization and 
networking of the river system (Jiangxi Institute of Red Soil, 1987). Some paddy soils are in a 
saturated condition perennially, which result in a loss of oxygen supply and the occurrence of 
reducing reactions. In the last 10 years, the process of soil gleyization has been effectively 
controlled as the result of agricultural management measures such as establishment of a ditch 
drainage network system, auxiliary treatment with continuous flooding, and ridge agriculture. 
(Jiangxi Institute of Red Soil, 1987; Shiratori et al., 2007; Li et al., 2015; Clagnan et al., 2018). 
2.1.2 Hydrogeology 







 of the western part of the PLB. The regional boundaries of the study area follow the 
edges of Poyang Lake and its branches (Fig. 2). For example, the northern boundary is the Xiu 
River, the southeastern boundary is the Fu River, the western boundary is the Ganjiang River, and 
the eastern boundary is Poyang Lake. Principal surficial geological units within the study area 
include the Holocene and upper Pleistocene unit, and the middle-lower Pleistocene unit, both 
mainly made of fluvial facies alluvium and fluvial-Lacustrine facies alluvium in the Quaternary 
age. The Holocene and upper Pleistocene unit comprises two distinct sedimentary formations. The 
upper layer of this geologic formation is the sandy silt clay, mainly distributed in the surface of the 
fluvial-deltas plain and the underlying layer is coarse sand and gravel, comprising the alluvial 
aquifer, which is the principal aquifer in the study area. Aquifer thickness increases from upstream 
to downstream in the Ganjiang-Fu River plain, locally up to thickness of 36 m. The aquifer has a 
high productivity with a potential yield of greater than 17,200 m
3
/day per well from southern 
Xiangtang Town to northern Nanchang City (Holocene and Upper Pleistocene unit (S) in Fig.2) 
and a moderate productivity with a yield of 3,456–10,264 m
3
/day per well in other areas 
(Holocene and Upper Pleistocene unit (M) in Fig.2). The middle–lower Pleistocene unit consists 
of red clay gravel, residual slope deposit, glacial clay, and reticulated red clay, and is distributed in 
the border area of the fluvial-deltas plain, especially in the hillock plain area (e.g., in Xinqizhou in 
the northern part of Nanchang City). This unit has a variable thickness from 3 to 15 m and a low 
productivity with a potential yield of 35–166 m
3
/day per well. The older geological units are the 
Tertiary and Cretaceous red clastic rock formation underlying the alluvial aquifer and forming a 
no-flow bottom boundary. The surficial hydrogeology (Fig. 2) was mapped by combining multiple 
data sets from the Geological Data Information Network of Jiangxi Province 





the Jiangxi Geology & Mineral Exploration Bureau (Guo and Chen, 2008).  
In this region, the five tributaries and Poyang Lake are deeply downcut with an average 
river-bed elevation of 3–7 m and lake channel bed elevation of 4–6 m above sea level based on the 
90 m STRM_Version1 (http://dds.cr.usgs.gov/srtm/) digital elevation model (DEM) data. In 
addition, high linear correlation coefficients (RSG) were determined between groundwater level and 
nearby surface water level based on observation data from three stages of groundwater and surface 
water monitoring (1986–1988) (Guo and Chen, 2008). The average RSG was 0.70 at Waizhou 
station (Ganjiang River), 0.69 at Zajing station (Xiu River), 0.78 at Lijiadu station (Fu River), 0.81 
at Wucheng station (junction between Ganjiang River and Poyang Lake), and 0.77 at Kangshan 
station (interaction joint of Fu River and Poyang Lake). Based on the above DEM data and the 
dynamic relationship between surface water level and groundwater level, we conclude that the 
channels of the Ganjiang River, Xiu River, Fu River, and Poyang Lake cut through the alluvial 
aquifer. The area enclosed by these water bodies is an independent hydrogeological unit 
surrounded by specified head boundaries. Local bodies of surface water and their seasonal 
variations strongly affect the direction and magnitude of groundwater flow. Therefore, 
groundwater and river water exchange seasonally, groundwater flowing into rivers along the 
exposing aquifers in the dry and flat seasons and river water also recharging aquifers, replenishing 
the aquifer in the wet season.  
2.2 Measurement methods for identifying gleyization 
In this region, the extent of soil gleyization can be broadly classified into four types: highly 
gleyed, medium gleyed, slightly gleyed, and ungleyed (Lai et al., 1989; Pan, 1996). The main 
characteristics of each type are as follows: (1) Highly gleyed type: the gley horizon covers the 
whole soil profile, and poor drainage conditions including surface water-logged soil, groundwater 





in strong reduction state, and extremely negative effects on plants growth. (2) Medium gleyed 
type: the gley horizon exists below the plough layer (a depth of 20–40 cm below the ground 
surface), oxidation environment in the upper layer, poor ventilation and reduction state in middle 
layer generating a large amount of toxic reducing substance, and interference with plant root 
development. (3) Slightly gleyed type: gley horizon declines (about 60 cm below the ground 
surface) with an increasingly deep groundwater level, and well-drained conditions, but inundated 
by intermittent flooding, with less effect on plant growth. (4) Ungleyed type: the gley horizon does 
not exist in the soil profile, oxidation environment exists throughout the whole soil layer with a 
much deeper groundwater level and far superior drainage conditions. To explore the formative 
mechanism of soil gleyization and identify the impacts of GD on soil gleyization at a regional 
scale, we first describe the principal indexes for predicting the different type of soil gleyization, 
and then develop the measurement methods including soil sampling analysis and column 
experiments for testing each index for different depths to water table. 
2.2.1 Identification indexes 
The formation of soil gleyization is characteristic of poorly drained conditions in the middle 
reaches of the Yangtze River. As the groundwater slowly saturates the soil, the soil environment 
converts to a reduced state when it loses oxygen and it is acidified by effect of the organic matter. 





 depending on the existing redox potential Eh, which is defined as the potential 
between a couple of oxidation–reduction electrodes measured in a galvanic cell against the 
standard hydrogen electrode (Fiedler et al., 2007). The Eh can be measured as an indicator of the 
relative abundance of oxidized and reduced substances. If the groundwater level is maintained 









, and gradually forming the gleyed horizon in the soil profile. 
It is a fundamental issue to establish an identification index system for distinguishing 
different types of soil gleyization. Soil scientists have studied the description and prediction 
criteria for this issue from different perspectives for some time (Pu et al., 1994; Pan, 1996; Liu et 
al., 2015). Pan (1996) determined the quantitative evaluation indexes of soil gleyization by 
principal component analysis with 13 factors in the middle reaches of Yangtze River. The results 
indicated that the cumulative variance contribution rates of three principal factors, the total amount 
of ARS (cmolc/kg), the quantity of Fe
2+
 (cmolc/kg), and Eh (mV), explained 79.3% of observed 
differences and hence distinguishing various gleyization types. These three indexes contain most 
of the soil information for determining the soil gleyization classification. The ranges of three 
principle indexes for the gradation of soil gleyization are given in Table 1. This indexing system in 
combination with ARS, Fe
2+
, and Eh has been widely applied in the fluvial-alluvial plains in the 
middle reaches of the Yangtze River, such as the Four Lake Region (Chang Lake, San Lake, Bailu 
Lake, and Hong Lake) in the Jianghan Plain, the Dongting Lake Basin, and the PLB. 
2.2.2 In-situ sampling and testing 
According to the geological survey, groundwater monitoring, and land information provided 
by the Jiangxi Institute of Red Soil, 5 soil sampling sites (S-01–S-05) have been selected and their 
locations are as shown in Fig. 2. The soil samples are collected from soil depths of 0–30 cm 
(within the soil plough layer), and 30–60 cm (below the plough layer) at each site once every 
month for a whole year as shown in the schematic diagram in Fig. 3(a). Representative soil 
samples were obtained using a core sampling tool and a total of 120 soil samples were collected to 
test the three key indexes of gleyization at different depths of the water table below the ground 





and GD in the well was monitored monthly, at the same time with soil sampling. The annual 
average GDs at the 5 sampling sites were 0, 30, 50, 70, and 90 cm, as shown in Fig. 3(b).  
The Eh of the sample sites were measured in-situ. The measurements are actually recordings 
of voltage over 10 mins when a steady value was obtained between a reference electrode and a 
sensor electrode inserted into the soil. The Oxidation–Reduction potentiometer (Orion 9180BN) 
was used to check the Eh in the two layers for 3–4 times to obtain mean Eh values. The moist field 
soil was divided into two subsamples which were immediately processed by vacuum-packaging 
and transported to the laboratory to analyze the content of ARS and Fe
2+ 
within 3 days. Reducing 
substances were extracted by 50 mL of 0.1 mol/L Al2(SO4)3 solution (pH 2.5). The ARS in the 
extracts of reducing substances include Fe
2+
 and organic compounds. The Fe
2+
 was determined 
calorimetrically by taking an aliquot of the extracts, and the ARS was determined by titration of an 
aliquot of the extract with KMnO4 solution after acidification with H2SO4 solution. 
2.2.3 Laboratory experiments 
The experimental design includes the main device of the soil column, water table control 
system and sampling and monitoring system. A schematic diagram of the experimental equipment 
is shown in Fig. 4. The test cylinder consists of a translucent acrylic tube 120 cm in height with a 
40 cm internal diameter. The soil used in the column tests was undisturbed samples collected from 
the GRD and covered with paddy straw. The column was instrumented with 4 in-situ testing and 
sampling holes (L1, L2, L3, and L4, at depths of 10, 30, 45, and 55 cm, respectively) to measure 
the oxidation–reduction potential and take soil samples. The water pressure at the bottom of the 
gravel filter was generated using a constant head tank fed by a submersible pump from a large 
reservoir, so the water moved upward into the soil. The constant head tank was connected to a 





until the soil column was naturally saturated. A piezometric tube was installed at the bottom of the 
soil column to measure the total head of the saturated soil. Five different water table depths (with 
water table depths of 0, 20, 40, 60, and 80 cm) were established using control water valves, so that 
if the water table were to move upward above the specified height, internal runoff of excess water 
would be diverted into a collector. For each water table condition, Eh was measured through the 
sampling hole and the total amount of ARS and Fe
2+
 were obtained by sampling tests after the 
saturated soil column had settled in the laboratory for a period of 2 months at ambient room 
temperature. 
In this study, soil gleyization due to the variation of the water table was studied by the above 
in-situ sampling analysis and laboratory experiments. The results were then used to establish a 
statistical relationship between GD and the gradation of soil gleyization. 
2.3 Groundwater modeling 
To quantify changes in the lakeside groundwater flow regime, we established a transient 
three-dimensional groundwater flow model based on the widely used FEFLOW code (Diersch, 
2014). FEFLOW enables modeling of surface water and groundwater interactions in saturated and 
unsaturated porous media. The groundwater modeling software combines GIS graphical features 
with finite element solution techniques. 
2.3.1 Model setup 
Based on stratigraphic records from 276 boreholes collected from the geological survey 
report by Zhang (2008), the groundwater model consists of two aquifers and a bedrock basement 
(Fig. 5). The upper aquifer (Layer 1) is an unconfined and low-permeability layer comprising 
fine-grained sediments (silty clay to silty loam). This layer is approximately 10–20 m thick and 





The lower aquifer (Layer 2) is a confined aquifer composed of mostly alluvial materials (sand and 
gravel). It was mainly deposited in a fluvial setting during the Holocene and Upper Pleistocene. 
The thickness of this layer increases from upstream to downstream (7–16 m in general and locally 
up to 20–36 m). The bedrock layer (Layer 3) represents the red clastic rock formation formed 
during the Tertiary and Cretaceous periods. The bedrock was treated as a zero permeability layer 
as no apparent joints and fissures were found. 
Each water-bearing layer (Layer 1 and Layer 2) was divided into 7 zones (Fig. 6) based on 
surficial hydrogeological mapping (see above Fig. 2) and in-situ survey parameters collected from 
the Pumping Tests Report, an affiliated document of Investigation Report on Groundwater 
Resources (Guo and Chen, 2008). A total of 110 pumping tests were conducted in 1986–1988 
throughout the region (Jiangxi Geology & Mineral Exploration Bureau, 1986–1988). Statistical 
analysis shows that the hydraulic conductivity differed significantly between Layer 1 and Layer 2 
but did not differ significantly among different zones within each layer. Hence, we assigned the 
same range of hydraulic conductivity to all the zones within each layer as initial guesses (i.e., 
0.005–5.0 m/d for Layer 1 and 8–150 m/d for Layer 2). Other parameters (e.g., porosity and 
specific storage (SS), specific yield (Sy)) required model parameters. The initial parameter ranges 
were obtained from the geological survey by Wei et al (2005) on the basis of established aquifer 
characteristics. The actual hydrogeological parameters for different zones were optimized through 
model calibration as described below. 
The model domain was bounded by Poyang Lake and the tributary streams (Fig. 1), which 
were assigned as specified head boundary conditions (see Section 2.2). In comparison to river 
boundaries, the northern to northeast boundaries were strongly affected by the size of Poyang 





dramatically between wet and dry seasons (Fig. 1). Hence, the Poyang Lake boundary was 
assigned as a specific head boundary condition but the size and head were adjusted monthly in 
accordance with the monthly Landsat remote sensing images (2004–2016). Constant heads along 
the river and lake boundaries were interpolated between monitored transient water levels recorded 
at six gauging stations (e.g., the northern boundary of Xiu River between Zajin and Wucheng 
stations; western boundary of Ganjiang River between Waizhou and Wucheng stations; 
southwestern boundary of Fu River between Lijiadu and Kangshan stations; the Poyang Lake 
between Kangshan, Tangyin, and Wucheng stations) (Jiangxi Hydrology Information Center for 
the period 1960–2014). The top of the model was assigned as flux boundary condition to represent 
groundwater recharge derived from precipitation infiltration. The fluxes were treated as a model 
calibration parameter for net recharge rate. The bottom of the model was assigned as a zero 
permeability boundary condition as the bedrock was simulated as the bottom layer. 
The three-dimensional groundwater flow model was discretized into 34,951 triangular 
prismatic mesh elements with 22,262 nodes for each layer in the horizontal orientation. The mesh 
was moderately refined along the river and lake boundaries, interior stream nodes and also in the 
neighborhood of observation wells. The lateral size of the mesh elements varied from 100 to 680 
m. Vertically, the model extended from the ground surface to 100 m below sea level. The mesh 
was tested based on the Delaunay criterion in order to avoid numerical problems. The flow time 
step, △t, was set at a fixed number of 5 days. The convergence criterion for the groundwater flow 
equation was 0.001 m. 
2.3.2 Model scenarios relevant to climate changes 
The objective of this modeling study was to investigate how the changing climate affects the 





by 2050. Therefore, to reasonably forecast the effects, we considered ongoing global climate 
change (with different regional climate models) and their consequences for future meteorological 
and hydrological conditions such as precipitation and surface water level. 
Popular climate models have generated different scenarios of future water level and river 
discharge at the catchment scale in the PLB (Guo et al., 2008; Ye et al., 2011; Sun et al., 2012). 
However, we took the results by Ye et al. (2011) and Li et al (2016) because they have been 
devoted to studying the evolution of the river-lake relationship influenced by climate changes and 
have accumulated substantial local information for the PLB for more than 10 years. Furthermore, 
they have established a regression model to calculate the change of surface water level, a key input 
for groundwater modeling, in response to inflow variations under different climate scenarios. 
These climate scenarios of A2 (high carbon dioxide emission), A1B (mid-range carbon dioxide 
emission), and B1 (low carbon dioxide emission), were based on the global circulation model 
ECHAM5 (IPCC, 2007). For the PLB, prediction for long-term average changes in precipitation 
and hydrologic conditions have been made with the large-scale, distributed hydrological model, 
WATLAC (Zhang and Werner, 2009), based on these three carbon dioxide emission scenarios 
(Fig. 7) (Ye et al., 2011). The results indicated that changes in the annual cycle of precipitation 
were mostly projected to increase in March–October and decrease in November–February. 
Moreover, the total inflows from the catchment will increase in the wet period and decrease in the 
dry period under future climate conditions, resulting in possible changes in water levels for the wet 
(0.1 to 1.34 m) and dry (–0.32 to –1.31 m) seasons in the river–lake system. The changing 
meteorological and hydrological data (2016-2050) predicted by Ye et al. (2011) was applied as 
future boundary conditions in our modeling to forecast the future hydrogeological system response 





3. Results and discussion 
3.1 Relationship between groundwater depth and gleyization 
3.1.1 In-situ sampling results 
The main indicators of ARS, Fe
2+
, and Eh of 120 soil samples collected at the depths of 0–30 
cm and 30–60cm at the 5 sampling sites (S-01–S-05) (Fig. 2) were analyzed in the soil testing 
laboratory. The ARS and Fe
2+ 
contents were plotted in a base 10 logarithmic coordinate system as 





 ions made up the major components (about 89%) of acting reducing 
substances, leaving 11% of the organic compounds. The ARS content and Eh was plotted in a 
linear coordinate system as shown in Fig. 8(b). The Eh decreased as the ARS increased, showing a 
descending relationship. The Eh represents the degree of reduction in the soil, mainly because the 
quantity of the reduced material determines the measured mixed potential at the platinum 
electrode. However, the quantity of ARS in reduced soil determines the intensity of damage to 
plant growth. Taking the S-01 series with a small variation of the Eh value as an example, the soil 
fertility will decrease as the ARS content increases because of different GDs in different seasons. 
Based on the test results, a statistical analysis was conducted to determine the relationship 
between GD and the gradation of gleyization. Statistical results of GD corresponding to different 
intervals of ARS, Fe
2+
, and Eh values (Table 1) were visualized in a box and whisker plot (Fig. 9). 
The maximum, minimum, and average values, along with the interquartile range of GD, were also 
tabulated for each interval of index characterizing gleyization (Table 2). When ARS > 3.0 
cmolc/kg, Fe
2+ 
> 2.5 cmolc/kg, and Eh < 100 mV (defined as highly gleyed soil), the variation 
ranges of GD were all between 0 and 9 cm. When 0.7 < ARS < 3.0 cmolc/kg, 0.5 < Fe
2+ 
< 2.5 
cmolc/kg, and 100 < Eh < 300 mV (defined as medium gleyed soil), the variation ranges of GD 





cmolc/kg, 0.05 < Fe
2+ 
< 0.5 cmolc/kg, and 300 < Eh < 500 mV (defined as slightly gleyed soil), 
the variation ranges of GD were between 38 and 83 cm, 38 and 85 cm, and 37 and 84 cm, 
respectively. When ARS < 0.1 cmolc/kg, Fe
2+ 
< 0.05 cmolc/kg, and Eh > 500 mV (defined as 
ungleyed soil), the variation ranges of GD were between80 and 100 cm, 80 and 99 cm, and 78 and 
102cm, respectively. Therefore, from the viewpoint of field testing, the four types of gleyed soil 
(highly gleyed, medium gleyed, slightly gleyed, and ungleyed), are related to the GD of <10 cm, 
10~50cm, 50–85 cm, > 85 cm in GRD area, respectively as shown in Table 3. 
3.1.2 Laboratory experiment results 
The experimental results (Fig. 10) show that under the same experimental conditions of 
temperature, precipitation, and basic physical properties of soil, that as Eh values increased the 
ARS and Fe
2+
 content decreased with the lowing of the water table. The degree of soil gleyization 
was positively associated with the groundwater level. The change of gleyed indexes was quite 
prominent in the top soil layer (L1) as the inundated condition was greatly influenced by the 
groundwater fluctuations. However, the variability of indexes of soil gleyization in deep soil layers 
(L3 and L4) were smaller, especially when the groundwater level fluctuated at the depth of 0–40 
cm. The laboratory experiment results indicates that the flooded conditions have a great influence 
on indexes of soil gleyization, the saturated soil layers had larger ARS and Fe
2+
 contents and 
smaller Eh values than in layers under unsaturated conditions. With GD = 0 cm, the average 
gleyization indexes (represented as (ARS, Fe
2+
, Eh) from here on) of the 4 soil layers were (4.4 
cmolc/kg, 3.7 cmolc/kg, 90.1 mV), belonging to the highly gleyed soil. With GD = 20 cm, soil 
layer L1 with average (2.5 cmolc/kg, 1.9 cmolc/kg, 167.6 mV), belonging to the medium gleyed 
soil, and layers L2 to L4, with average (3.7 cmolc/kg, 3.1 cmolc/kg, 96.5 mV) belonging to the 





cmolc/kg, 236.5 mV), belonging to the medium gleyed soil, and layers L3 to L4, with average (3.0 
cmolc/kg, 2.7 cmolc/kg, 115.3 mV) belonging to the highly gleyed soil. With GD = 60 cm, soil 
layers L1 to L4 with average (1.3 cmolc/kg, 0.9 cmolc/kg, 385.9 mV), belonging to the medium—
slightly gleyed soil. With GD = 80 cm, soil layers L1 to L4 with average (0.13 cmolc/kg, 
0.07cmolc/kg, 507.7 mV), belonging to the slightly—ungleyed soil. The results of the laboratory 
experiment investigation of gleyed indexes verifies the relationship between GD and gradation of 
soil gleyization identified in the in-situ sampling. 
In this study, in-situ sampling and testing and laboratory experiments have their respective 
limitations. The testing results from in-situ sampling at different sampling sites ignored the effects 
of soil properties on soil gleyization. The laboratory experiments used the same undisturbed soil 
samples, but each soil saturated condition was established under steady state conditions with a 
constant water table. In reality, soil gleyization will be time dependent due to the fluctuations of 
the water table. These limitations of the in-situ sampling and testing and laboratory experiments 
may affect model predictions about future soil gleyization at smaller local scale. However, given 
the focus of this study is on the much larger regional scale, these limitations are not expected to 
have a strong influence on the predicted patterns of future soil gleyization. Notwithstanding these 
limitations, the relationship between GD and gradation of soil gleyization obtained with these two 
measurement methods was cross verified. The relationship indicated that the groundwater depth is 
an indirect indicator for classifying soil gleyization, in which the regional variable of GD can be 
predicted by groundwater modelling. 
3.2 Model results and discussion 
3.2.1 Model calibration and validation 





error procedure. Firstly, a steady-state model generated the initial conditions for the transient 
model. Secondly, the measured groundwater heads of 19 observation wells from 1/1/1986 to 
31/12/1986 were chosen as transient calibration targets. Calibration was performed by a trial and 
error procedure until a reasonable agreement was achieved between the simulated and measured 
groundwater levels (Fig. 11). Thirdly, the calibrated model was validated based on whether it 
matched the set of field data of 11 observation wells from 1/1/2010 to 31/12/2010, which were 
independent of the data used for model validation.  
We used 456 head measurements (19 wells × 24 transient data per well) in 1986 for model 
calibration, which were distributed through all aquifers. The median of the difference between the 
calculated minus measured groundwater heads was 0.12 m. The median of the absolute difference 
was 0.43 m with a standard deviation of 0.41 m. After model calibration, we selected 264 transient 
observed data in 2010 for model validation. The median of the difference and absolute difference 
between transient series of simulated and observed values are 0.23 m and 0.45 m with a standard 
deviation of 0.33 m. Scatter diagrams of simulated groundwater level against the observed value 
and the histogram of differences between simulated and observed groundwater head after transient 
calibration and validation are shown in Fig. 11. We believe these differences represent good 
calibration and validation results relative to maximum and minimum ground surface elevation in 
this area, though calibration of heads of the model domain was difficult in the cone of depression 
in Nanchang City where significant centralized groundwater extraction occurred. 
In addition, the calculated GD and corresponding soil gleyization type of the 5 soil sampling 
sites (S-01–S-05) (see Fig. 2) were compared with measured ones (Table 4). The calculated 
gleyization type was determined by the statistical relation to GD as described above in Table 3. 





for minor difference in S-03 and S-04 sites. For S-03 site, the measured gleyization type was 
defined as medium–slightly gleyed compared to the calculated type of medium gleyed. In flat and 
dry seasons, the soil in S-03 site was slightly gleyed as the measured average GD was 53.7 cm (50 
< GD < 85 cm), while in wet season, the soil became medium gleyed as the water table rose to the 
minimum GD of 38.5 cm (10 < GD < 50 cm). The overall calibration results indicate that the 
applied groundwater modeling can serve as an indirect tool for evaluating the degree of soil 
gleyization at regional scale. Therefore, the net recharge rate of the top layer and the horizontal 
hydraulic conductivity of the principal aquifers, that are improved (i.e., optimized) after model 
calibration and validation, were implemented in the model assessment and prediction (Table 5). 
3.2.2 Model climate scenario assessment  
In response to the changes of future long-term average meteorological and hydrological 
conditions, the groundwater flow will also change according to changes in the corresponding 
boundary conditions and source/sinks. The anticipated long-term average surface water level and 
precipitation were set as specified head boundary conditions and repeated annually in the transient 
predictive model. The constant head boundaries of Poyang Lake and the three perimeter rivers 
(Ganjiang River, Xiu River, and Fu River) were set at the predicted values, and the parameter of 
net recharge rate was scaled up or down corresponding to an increased or decreased ratio of 
precipitation for all climate scenarios. For example, in the Scenario A2, the constant head 
boundaries of the Poyang Lake and three perimeter rivers were set with an increased surface water 
level between 0.29 m and 0.65 m from February to July and a reduced level between 0.15 m to 
1.04 m from August to January. Meanwhile, the recharge rate was assigned an increased value 
between 1.6% and 14.3% from April to July and a reduced value between 0.4% and 15.2% from 





set as the initial condition for the transient prediction model while all the other input 
hydrogeological parameters remained unchanged. The model was run for 34 years (2016–2050) in 
transient conditions. 
The long-term average groundwater levels at four observation points (OP1–OP4) predicted 
using three climate scenarios were compared with results from the model based on annual 
averages, as shown in Fig.12. OP1 and OP2 were located close to the bank of Poyang Lake and 
Ganjiang River, while OP3 and OP4 were placed in the middle part of the study region between 
the watercourses, respectively. From the prediction results at OP1 and OP2 sites (Fig. 12a, b), the 
groundwater levels of three climate scenarios were lower than the levels of annual average 
conditions because of the reduction in surface water levels caused by climate changes in the dry 
season after September. The period of the maximum decline was the driest period between 
November and December and the maximum decline of groundwater level was 1.1 m for the 
Scenario A1B. After March, the river level affected by climate change was higher than the average 
data and the groundwater level gradually increased. By May, the groundwater heads recovered to 
the annual average state and gradually exceeded the predicted results for the average scenario in 
the lakeside area. The period of the maximum increase in groundwater level was the wettest period 
between June and July corresponding to a maximum increase of 1.2 m for the Scenario B1. We 
also compared the predicted long-term average groundwater level with the average surface water 
levels at a nearby gauging station, as shown in Fig.12a, b. The results highlight that both the 
surface water level and groundwater level showed obvious annual variation and the trends in their 
change were largely consistent, indicating that a close hydraulic connection exists between the 
main watercourses and the alluvial aquifer. Based on the relative elevations of stream stage and the 





at the sites close to the lake and rivers, while surface water recharged groundwater between June 
and August when surface water level rapidly increases with the increasing of inflow from 
upstream areas.  
In addition, the prediction results in OP3 and OP4 sites (Fig. 12c, d) had yearly groundwater 
level fluctuation ranges of 0.6 and 0.3 m, respectively, which are much smaller than the variation 
range of level in the nearest river. However, the trend of changing groundwater level was 
consistent with the variation of precipitation and the increase or decline in groundwater level was 
coherent with changes in precipitation under the three climate scenarios compared with the annual 
average conditions. The decline in groundwater levels of the Scenarios A2 and B1 was higher than 
the decreasing scope of A1B and average conditions due to the decrease in precipitation caused by 
climate changes in the dry season after September. The period of the maximum decline was the 
dry period between December and January and the maximum decline of groundwater level was 
0.13 m for the Scenario A2. After April, the precipitation affected by the Scenarios A2 and B1 was 
higher than the A1B and average data and the groundwater level was at a corresponding higher 
level. The period of the maximum increase in groundwater level was the wet period between June 
and July with corresponding maximum increase of 0.1 m for the Scenario B1. The prediction 
results for OP3 and OP4 sites indicate that in the middle region between river courses, the 
groundwater level was relatively affected by changing precipitation and had a much weeker 
hydraulic connection with surface water. 
The groundwater level in the aquifer increased from March and reached the peak in late June 
to early August, then decreased from September and hit the lowest point in late December to 
January. The highest groundwater heads of the prediction models, corresponding to peaks in 





S1) were selected to evaluate the greatest influence level of groundwater saturation conditions on 
soil gleyization. Based on the statistical relationship between GD and the gradation of soil 
gleyization discussed in Table 3 of Section 3.1.1, the potential soil gleyization estimated with the 
groundwater model for all four scenarios is shown in Fig. 13. The alluvial area among the three 
branches of the Ganjiang River and the area of the lower reaches of the Fu River are the low-lying 
region in the GRD, causing poor drainage condition with water-logged conditions in impervious 
paddy soils that resulted in highly gleyed irrigation farmland in the wettest season (from June to 
August). During this period, when the early-season rice is at the reproductive phases of heading, 
grain filling and maturity, and the late-season rice is at the vegetative stages of seeding 
development and tillering in PLB, the hydrogeological environment will accelerate soil gleyization 
and lead to the reduction of oxygen and the generation of significant reductive substances, thereby 
widely and negatively affecting rice production (Liu et al, 2015). For the Scenario B1, highly and 
medium gleyed areas will increase substantially near the three branches of the Ganjiang River and 
the lower reach of the Fu River. This is because of the maximum increase of surface water level 
and expansion of the medium–slightly gleyed area in the middle region between river courses due 
to the maximum increase of precipitation in June–July season. For the Scenario A1B, the 
highly–medium gleyed area will increase slightly along the three branches of Ganjiang River due 
to a slight increase of surface water level in the wettest season. In contrast, for the Scenario A2, 
medium–slightly gleyed area will expand considerably in the middle region due to the large 
increase of precipitation in the wettest season. Therefore, compared with annual conditions, the 
Scenario A1B will result in comparatively small impacts on soil gleyization; the Scenario A2 will 
increase 16.3 km
2
 of medium–slightly gleyed area; and, the Scenario B1 will exert an influence of 
more than 48.9 km
2
 of total gleyed area, including 29.7 km
2







medium–slightly gleyed area (Table 6). To summarize, the predicted changes of the surface water 
level and precipitation suggest higher potential severity in the expansion of soil gleyization in the 
wettest season under the climate scenario B1. 
Although the underlying science for climate change adaption and the selection of climate 
scenarios are highly uncertain, the variation tendency of groundwater level in the model output 
was consistent with that of surface water level and precipitation. If more accurate and reliable 
climate scenarios are obtained in the future relying on different types of newly available data, the 
corresponding groundwater level should achieve annual change trends that are consistent with the 
trends in meteorological and hydrological conditions. Thus, more accurate impacts on soil 
gleyization could be predicted by the three-dimensional groundwater model proposed in this study. 
4. Conclusions 
In this study, the alluvial-lacustrine low-lying area of the Ganjiang River Delta (GRD) in the 
western Poyang Lake Basin, already endangered by soil gleyization, was selected to investigate 
the effect of future climate change on the formation of gleyed farmland. Soil sampling analysis 
and column experiments were implemented to explore the formative mechanism of soil gleyization 
at a regional scale and to establish the statistical relationship between groundwater depth (GD) and 
the gradation of soil gleyization in the GRD. A three-dimensional groundwater flow model was 
developed and calibrated to implement four model scenarios to forecast the impacts of the 
projected annual average condition and three climate scenarios (A2, A1B, and B1) on the average 
changes of groundwater level and the potential maximum severity of soil gleyization from 2016 to 
2050. 
Results show that the GRD with depressed land surfaces, water-logged conditions, and 





soil gleyization. The quantity of the active reducing substance, ferrous iron content, and redox 
potential were the three principal indexes for identification of the types of soil gleyization, each 
index contributing to the consequence of groundwater saturation conditions in terms of GD. The 
statistical relationship between GD and gradation of soil gleyization was established by comparing 
results of field soil sampling analysis and laboratory experimental results. It was shown that four 
types of gleyed soil (highly gleyed, medium gleyed, slightly gleyed, and ungleyed) were related to 
the GDs of < 10, 10–50, 50–85, > 85 cm, respectively in the GRD area. Scenario modeling results 
of the long-term average groundwater level (2016–2050) showed annual change trends consistent 
with the meteorological and hydrological conditions. In the riverside area, a close hydraulic 
connection was present between the main watercourses and the alluvial aquifer, whereas in the 
middle region between rivers, the groundwater was relatively affected by changes in precipitation 
and had much weeker hydraulic connection with surface water. For the Scenario B1 (low carbon 
dioxide emission), the groundwater level was shown to increase in the riverside area of three 
branches of the Ganjiang River and lower reaches of the Fu River due to the increase of surface 
water level. It was shown to increase in the middle region between the river courses under the 
increase of precipitation, and accordingly gleyization of these low-lying regions would intensify. 
Compared with the annual conditions, highly gleyed areas increased by 29.7 km
2 
(mainly in the 
riverside area) and the medium–slightly gleyed areas increased by 19.2 km
2 
in the middle region 
under the Scenario B1. The climate scenario B1 would very likely exacerbate the soil gleyization 
already experienced by these reclaimed farmlands. 
This study has contributed to identifying the impacts of GD on soil gleyization at the regional 
scale. It has established a three-dimensional groundwater flow model in the GRD shallow aquifer 





land resource managers to plan choices and implementation of engineering measures to mitigate 
soil gleyization of low-lying and water-logged reclaimed farmland. Future research should focus 
on the implementation of mitigation initiatives such as ditch drainage network systems, and ridge 
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Fig. 1. The geographical extent, topography, stream systems, and irrigation region in the study 
area of GRD, western part of PLB. 
Fig. 2. Surficial hydrogeology, geographic locations of soil sample sampling and observation 
wells in the study area. Holocene and Upper Pleistocene unit (S) is the alluvial aquifer 
with strong water abundance, and Holocene and Upper Pleistocene unit (M) is the 
alluvial aquifer with middle water abundance (modified from Li et al. 2009). 
Fig. 3. Schematic diagram for soil sampling (a) in GRD and groundwater hydrograph of the 
monitoring wellsdepths in the 5 soil sampling sites (b) during sampling period. 
Fig. 4. Schematic diagram of experimental apparatus for detecting gleyization indexes under 
different saturations. 
Fig. 5. Three-dimensional geological model and geological profiles across the study area.  The 
model is based on stratigraphic picks from 276 wells (1986-1988) from Zhang (2008). 
Fig. 6. Parameter zonation of net recharge rate in Layer 1, and horizontal hydraulic 
conductivity, specific yield, specific storage in Layer 1 and Layer 2. 
Fig. 7. Long-term monthly average surface water level at five gauging stations (a)–(f) and 
precipitation (g) for 2016–2050 compared to the historical average data for 1956–2016. 
Fig. 8. Relationship between (a) ARS content and Fe
2+
content, (b) ARS content and Eh value 
in sampling soil. 
Fig. 9. Box and whisker plot showing ranges in groundwater depths corresponding to different 
intervals of (a) ASR, (b) Fe
2+
, and (c) Eh. 
Fig. 10. Variation of the gleyization indexes of four layers (L1, L2, L3, and L4) in the soil 





Fig. 11. Scatter diagrams of simulated groundwater level against the observed value and 
histogram of differences between simulated and observed groundwater level in meters 
for transient (a) model calibration and (b) model validation. 
Fig. 12. The predicted long-term average groundwater levels with three climate scenarios for 
2016-2050 in four observation points compared with the groundwater level predicted 
with annual average condition, (a) for OP1, (b) for OP2, (c) for OP3, and (d) for OP4. 
Fig. 13 Potential soil gleyization estimated by groundwater model for (a) annually average 








Fig. 1 The geographical extent, topography, stream systems, and irrigation region in the study 






Fig. 2 Surficial hydrogeology, geographic locations of soil sample sampling and observation 
wells in the study area. Holocene and Upper Pleistocene unit (S) is the alluvial aquifer with 
strong water abundance, and Holocene and Upper Pleistocene unit (M) is the alluvial aquifer 
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Fig. 5 Three-dimensional geological model and geological profiles across the study area.  The 






Fig. 6 Parameter zonation of net recharge rate in Layer 1, and horizontal hydraulic conductivity, 








 Fig. 7 Long-term monthly average surface water level at five gauging stations (a)–(e) and 






Fig. 8 Relationship between (a) ARS content and Fe
2+







   
Fig. 9 Box and whisker plot showing ranges in groundwater depths corresponding to different 
intervals of (a) ASR, (b) Fe
2+






(a) Experiment group 1 
 
(b) Experiment group 2 
Fig. 10 Variation of the gleyization indexes of four layers (L1, L2, L3, and L4) in the soil column 














Fig. 11 Scatter diagrams of simulated groundwater level against the observed value and histogram 
of differences between simulated and observed groundwater level in meters for transient (a) model 








Fig. 12 The predicted long-term average groundwater levels with three climate scenarios for 
2016-2050 in four observation points compared with the groundwater level predicted with annual 







Fig. 13 Potential soil gleyization estimated by groundwater model for (a) annually average 






Table 1. The criteria of three principle indexes for gradation of soil gleyization (Pan, 1996) 




Table 3. Groundwater depth for distinguishing soil types with different graduation of gleyization. 
Table 4. Comparison of groundwater depth and corresponding gleyization type between calculated 
and measured values. 
Table 5. The hydrogeological parameters used in the GRD groundwater flow model after 
calibration. 
Table 6. The spatial area of gleyed region that will be suffered from the change of groundwater 







Table 1. The criteria of three principle indexes for gradation of soil gleyization (Pan, 1996) 
Index Highly gleyed 
MiddleMedium 
gleyed 
Slightly gleyed Ungleyed 
Contribution 
rate (%) 
ARS (cmolc/kg) ＞3.0 0.7–3.0 0.1–0.7 ＜0.1 47.4 
Fe
2+ 
(cmolc/kg) ＞2.5 0.5–2.5 0.05–0.5 ＜0.05 17.5 






Table 2 Statistics of groundwater depths corresponding to different intervals of ASRARS, Fe
2+
, and Eh. 
GD (cm) 




 (cmolc/kg) Intervals of Eh (mV) 
>3.0 0.7~3.0 0.1~0.7 <0.1  >2.5 0.5~2.5 0.05~0.5 <0.05  >500 300~500 100~300 <100 
minimum 0 15 38 80 0 17 38 80 78 37 16 0 
maximum 9 46 83 100 9 47 85 99 102 84 49 9 
average 2 31 61 90 2 31 61 90 90 61 32 2 
25th percentile 0 23 53 83 0 21 54 83 85 52 20 0 






Table 3 Groundwater depth for distinguishing soil types with different graduation of gleyization 
Gleyization type ARS (cmolc/kg) Fe
2+ 
(cmolc/kg) Eh (mV) GD (cm) 
Highly gleyed  >3.0 >2.5 <100 <10 
Middle Medium 
gleyed 
0.7~3.0 0.5~2.5 100~300 10~50 
Slightly gleyed  0.1~0.7 0.05~0.5 300~500 50~85 






Table 4 Comparison of groundwater depth and corresponding gleyization type between calculated 
and measured values. 
Soil sample 
Average GD (cm)  Minimum GD (cm)  Gleyization type 
Calculated Measured  Calculated Measured  Calculated Measured 
S-01 8.3 1.9 0.0 0.0 highly highly 
S-02 43.9 31.3 26.3 14.8 middlemedium middlemedium 
S-03 45.1 53.7 30.9 38.5 middlemedium 
middlemedium
–silghtly 
S-04 89.1 71.0 76.4 61.0 slightly–ungleyed slightly 






Table. 5 The hydrogeological parameters used in the GRD groundwater flow model after 
calibration. 
Parameters 
Layer A1 Layer A2 Layer A3 
Nos. of Zone Range Nos. of Zone Range Nos. of Zone Range 
Horizontal hydraulic 
conductivity, Kh (m/d) 






1 0.2 1 1.0 1 1.0 
Net recharge rate,  
R (mm/year) 
7 0.16–29.8 0 - 0 - 
Specific yield Sy  7 0.1–0.35 - - - - 
Specific storage,  
SS (/m) 









Table. 6 The spatial area of gleyed region that will be suffered from the change of groundwater 










Annually average 372.0 74.4 111.6 558.0 
A2 379.4 81.8 120.5 581.7 
A1B 375.7 75.8 113.8 565.3 







 Classification of four soil gleyization types based on soil chemical prosperities. 
 Impacts of groundwater depth on soil gelyization in field and laboratory condition. 
 Establishing a FEFLOW model for regional groundwater depths assessment. 
 Implementation of model assessment under four climate change scenarios. 
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